Abstract-The objective of this study was to investigate the feasibility of game-based robotic training of the ankle in children with cerebral palsy (CP). The design was a case study, 12 weeks intervention, with no follow-up. The setting was a university research laboratory. The participants were a referred sample of three children with cerebral palsy, age 7-12, all male. All completed the intervention. Participants trained on the Rutgers Ankle CP system for 36 rehabilitation sessions (12 weeks, three times/week), playing two custom virtual reality games. The games were played while participants were seated, and trained one ankle at-a-time for strength, motor control, and coordination. The primary study outcome measures were for impairment (DF/PF torques, DF initial contact angle and gait speed), function (GMFM), and quality of life (Peds QL). Secondary outcome measures relate to game performance (game scores as reflective of ankle motor control and endurance). Gait function improved substantially in ankle kinematics, speed and endurance. Overall function (GMFM) indicated improvements that were typical of other ankle strength training programs. Quality of life increased beyond what would be considered a minimal clinical important difference. Game performance improved in both games during the intervention. This feasibility study supports the assumption that game-based robotic training of the ankle benefits gait in children with CP. Game technology is appropriate for the age group and was well accepted by the participants. Additional studies are needed however, to quantify the level of benefit and compare the approach presented here to traditional methods of therapy.
I. INTRODUCTION
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Digital Object Identifier 10.1109/TNSRE.2012.2206055 making cerebral palsy the most prevalent physical disability originating in childhood. While initially only the central nervous system (CNS) is damaged in CP, damage is eventually seen peripherally with growth and development of the child. The lack of selective muscle control, primitive reflex patterns for ambulation and deficient equilibrium [3] , among other manifestations of CP result in poor gait, diminished function, and reduced quality of life.
A primary impairment in children with CP is muscle weakness [4] , [5] , with the ankle dorsiflexors and plantarflexors being weaker by about 30%-35% compared to children without disability. No cure exists at this time for CP, but many treatments are used to improve gait and function. These include tendon lengthening [6] , transfers, releases, selective dorsal rhizotomy [7] , Botulinum toxin injections [8] , Baclofen, stretching, casting, orthotics, and robotic rehabilitation [9] - [11] . Recent results indicate that increases in ankle or knee strength after training can improve gait and function in children with CP [12] , [13] .
Virtual reality (VR) is known for its engaging, highly motivating and rich feedback on performance characteristics when used in therapy [14] - [16] . The first virtual rehabilitation system developed for the ankle was the Rutgers Ankle [17] , consisting of a small 6 degrees-of-freedom (DOFs) Stewart platform-type parallel pneumatic robot, combined with custom rehabilitation videogames written in WorldToolKit [18] . This earlier system was used successfully by patients who were chronic poststroke and by those with musculoskeletal deficits [19] , [20] . This work was followed by a controlled study on patients with chronic stroke, in which robotic rehabilitation integrating the Rutgers Ankle custom rehabilitation games was shown to be clinically more beneficial than robotic rehabilitation on the same Rutgers Ankle in the absence of these video games [21] .
More recently, researchers at Northeastern University developed NUVABAT (Northeastern U Virtual Ankle and Balance Trainer) [22] . This 2 DOFs ankle co-robot is designed to provide passive resistance to one ankle, while the patient is either sitting or standing. Similar to the Rutgers Ankle, this co-robot uses VR games, however no clinical data on patients is yet available.
Deng et al. [23] report on a randomized controlled study of ankle dorsiflexion (DF) training under home tele-rehabilitation of patients who were chronic poststroke. Using a sensing orthosis and a web camera, the patients had to either track complex wave curves displayed on the screen by moving their ankle, or do simple ankle movements. The participants in the complex tracking movement group had significantly larger DF gains versus that of the simple movement group. The purpose of the feasibility study described here was to determine if a revised Rutgers Ankle robot (the Rutgers Ankle CP) could improve ankle strength, motor control, gait, function, and quality of life in children with CP while playing custom VR games.
II. METHODS

A. Participants
Three children with CP participated in this investigation (see Table I for their vital statistics). The children were enrolled in age-appropriate classes in regular public schools. They ambulated independently, two wearing shoe inserts, and one orthotics. Parents reported they had difficulty walking in the community and often tripped and fell. Participants and their parents/legal guardians provided written informed consent/assent consistent with a study protocol approved by the institutional review boards of both Washington University in St. Louis and Rutgers University. Any therapy the participants were receiving before beginning the current study was continued during the experimental intervention.
B. Data Collection Instruments
Clinical evaluation sessions occurred pre-and post-intervention, with five clinical outcome measures collected by a senior physical therapist (Sandy Ross) who is a co-author of this article. The standardized outcome measures used were as follows: 1) ankle strength [24] , 2) Gross Motor Function Measure (GMFM) [25] , 3) maximum ankle dorsiflexion at initial contact during gait [26] , 4) gait speed [26] , and 5) quality of life using the Pediatric Quality of Life Inventory (PedsQL) [27] , [28] .
Ankle strength was assessed with a Kincom dynamometer (Chattanooga Group, Chattanooga, TN, Model, ) [29] . Maximum concentric torque values were recorded for each ankle in dorsiflexion (Max DF) and plantarflexion (Max PF) over a full range of motion at . A gait analysis video motion capture system (Motion Analysis Corp, Santa Rosa, CA, Model Eagle Camera) [30] was used to determine gait speed and ankle dorsiflexion angle at initial contact (DF@IC).
The Gross Motor Function Measure (GMFM) is a standard criterion-referenced test designed to assess change in gross motor function in children with CP [31] . The 88 items of the test assess activities in five dimensions: 1) lying and rolling, 2) sitting, 3) crawling and kneeling, 4) standing, and 5) walking, running and jumping. Each item is scored using a four-point Likert scale (0 = does not initiate; 1 = initiates; 2 = partially completes; 3 = completes). A child's totals from each category are divided by the total possible points for that category, to produce a category percentage score (maximum being 100%). These percentages can be used individually or can be averaged to yield an overall score. The percentage for the walk-run-jump and the standing components of GMFM were used as outcome measures in this study.
The PedsQL measure was used to assess the quality of life of the participants based on child and parent self-reports [13] . The PedsQL includes 23 items that measure the physical, emotional, social and school functioning of children and adolescents, with an excellent reported reliability (0.88 child, 0.90 parent report). The measure has been shown to be valid distinguishing between healthy children and children with acute and chronic health conditions. The threshold for clinical significance (minimal improvement) is 4.5 points for the parent report and 4.4 points for the child report.
The experimental system used in training included a PC workstation running the two custom rehabilitation games. It stored game performance data transparently and uploaded it on a remote clinical server. Thus in addition to the primary outcome measures listed above, secondary (computer measured) outcomes relate to game performance, in terms of game scores versus game difficulty levels. The scores reflect ankle control and endurance capability, and were measured separately for each ankle, when used to play the custom games described below.
C. Intervention 1) Experimental System:
The Rutgers Ankle CP system used in the intervention is shown in Fig. 1(a) . It consisted of a small prototype robot on which the patient placed the foot to be trained, a multi-core PC workstation which received data from the robot, and used those data to alter the state of virtual reality simulations, a custom controller box interface between the PC and the robot [32] , and an air compressor (not shown).
The Rutgers Ankle CP had a pneumatic Stewart platform parallel configuration, capable of measuring all six DOFs of the foot, as well as providing controlled resistive forces and torques. The top platform of the robot had a custom ankle angle adapter and a snowboard foot binding which allowed attachment of the patient's foot to the top platform of the robot [ Fig. 1(b) ]. The adapter was designed at Washington University in St. Louis, to permit a more comfortable seating of the participant while playing the games. The adapter kept the patient's foot at 45 to 90 relative to the top platform. It should be noted that while the robot had the capability to train for ankle eversion and inversion too, for simplicity, it was decided not to include that in the protocol.
The custom controller box was a complete redesign of the older Rutgers Ankle controller [19] , creating a more powerful reaction force, more accurate kinematics, and reducing air consumption. It incorporated an Intel dual core processor with microcontrollers to drive the air servo-valves at a control loop frequency of 200 Hz. The controller software was developed in Java running on a Linux OS. The communication between the robot controller box and the PC was done over a serial line. Further technical details on the experimental system can be found in [33] and [34] .
2) Rehabilitation Games: The therapy was in the form of engaging games that needed to respond promptly to the patient's ankle movements. The system software components running on the PC workstation were the Scheduler, the session Baseline, the Airplane, and Breakout 3D games. The software was developed in Java and Java3D API [35] , running on a Windows XP operating system.
The Scheduler module allowed the therapist to define the game sequence and difficulty progression for each participant and each ankle. This was done by setting the number of games in a session, their order, difficulty parameters for each game, the total session time and rest period duration between games. Each session started with a baseline which measured the ankle mobility for the current rehabilitation session based on two parameters: dorsiflexion and plantarflexion movement. The ankle excursion in plantarflexion and dorsiflexion were then used to automatically adapt the games to each participant, for each training session. This adaptation mapped the physical movement of the ankle to the movement of the avatar it controlled (airplane or paddle), such that the avatar could travel the full extent of the virtual scene, even for small the physical ankle movements.
In the Airplane exercise [ Fig. 2(a) ] the participant piloted a virtual airplane through a series of target frames colored yellow. The position of the frames followed an unpredictable curved path with hills and valleys, which required repeated plantarflexions and dorsiflexions of the ankle. At the beginning of the exercise the therapist chose the airplane velocity, the degree of air turbulence, the scene visibility, and the exercise time. Longer exercises required more ankle endurance, while faster planes required better motor control to succeed in passing through the target frames. Visibility was controlled such that fog reduced the visual flow, and turbulence (during simulated storms) created disturbances (vibrations) that the participant had to overcome to pass through the targets. This was meant to be an interactive way to improve ankle control. The game score was based on the number of frames passed (100 points for a clear pass though, points for the plane hitting the frame with a wingtip, and points for a total miss, when passing outside the frame). Target accuracy was recorded as the number of targets correctly cleared, targets hit and targets completely missed.
The Breakout 3D exercise [ Fig. 2(b) ] is a modified version of the well-known Breakout arcade game [36] . The participants controlled a paddle avatar to rebound balls towards a wall of bricks, which were destroyed when the balls made contact with the wall. Unlike the arcade version of the game, only one brick could be destroyed for each rebound from the paddle, so to maximize the necessary ankle movements needed to destroy all the bricks. The difficulty of the game was dependent on the speed of the ball, the size of the paddle, and the number of bricks in the wall. Faster balls and smaller paddles required higher eye-foot coordination, and more bricks corresponded to higher number of repetitions. The score was incremented by one for each brick destroyed, and the number of balls lost (when missed by the paddle and leaving the virtual table) was counted and saved as a performance parameter. Unlike the Airplane game which had one configuration irrespective of which ankle was trained, the location of the brick wall changed. When training the right ankle the game presented the wall to the left of the screen, and vice versa for the left ankle. Accuracy was recorded as success rate in the percentage of bricks removed from the wall in a set amount of time, and the number of balls used to do so.
3) Training Sessions: The participants warmed up at the start of each session with a 2-min walk. Next, they were seated comfortably on a rehabilitation chair, secured in place using a pelvic strap and a mid-thigh strap on the exercising extremity. The knee joint was positioned at approximately 90 of flexion and the active ankle range of motion limits in dorsiflexion and plantarflexion were established. The participants then exercised on the Rutgers Ankle CP by playing alternating Airplane and Breakout 3D games displayed on the PC screen. A single game lasted approximately 5 min, with each game alternating two times per side (left ankle and right ankle) for a total training time of at least 20 min/ankle, or 40 min/session.
Training difficulty was progressed such that in the first session the Airplane game was played at 100% visibility, 0% turbulence, and 25% of maximum airplane speed. Once the participants missed zero targets and hit less than three targets per game, the airplane speed was increased. By the final session the participants were training at 0% visibility (only the proximal target was visible on a dark and stormy sky), 75% turbulence, and 100% speed.
For the first session of the Breakout 3D game, the ball speed was slowest (level 1), the paddle longest (level 1), and there were fewest bricks to destroy (level 1). By the final session, the participants were training with the ball highest speed (level 6), a shorter paddle (level 2), and had more bricks to destroy (level 2). The robot resistance level was kept fixed for the duration of training. Participants trained for 36 sessions (three times per week for 12 weeks). Any session missed during the 12 week training were made up at the end of the 12 weeks.
III. RESULTS
A. Clinical Outcomes
Strength increases were seen in five out of six possible cases for maximum DF and PF torques (Table II) (Table II) . There was little change in the other two participants. Gait speed improved on average by 11.06 cm/s, with Participants 1 and 2 improving in the gait speed, while Participant 3 speed remaining essentially the same (a reduction of 1 cm/s after training).
The walk/run/jump subset of GMFM improved in Participants 1 and 2 and had a reduction of less than 1% for Participant 3. The GMFM Standing had a reduction of 2.6% for Participant 1, however it improved for Participants 2 and 3 by 5.1% and 7.7%, respectively.
B. Quality of Life Outcomes
The Pediatric Quality of Life self report for child improved on average by 2.8%. Based on the instrument's 4.5 points threshold for minimal clinical important difference reported in literature [27] , the improvement in the participant's quality of life had clinical significance for Participants 1 and 2 (5.7% and 5% respectively). Participant 3 had a reduction of 2.2%, which is not clinically significant. Parent PedsQL report showed an improvement averaging 2.4%, with a clinically significant increase only for Participants 1 (5.7%).
C. Game Performance 1) Airplane Game:
All participants improved in Airplane game score (Fig. 3) over the course of therapy. They were able to clear the targets despite an increase of 200% (Participant 1) to 400% (Participants 2 and 3) in airplane speed. Since the number of targets to clear depended on the airplane speed, there is an observed proportionality between game score and airplane speed. However, there are also portions where there was an improvement in score when the airplane speed was kept constant over a number of sessions. This is reflective of improved motor control and ankle speed of DF/PF movement. Furthermore, there was a progressive increase in the number of targets cleared, from 40 to 160 per game. This is indicative of increased ankle endurance and number of repetitions (discussed later in this section).
2) Breakout 3D Game: All participants improved in the Breakout 3D game scores as well (Fig. 4) . The game score being directly proportional with the number of bricks destroyed means that they improved their motor control by bouncing balls of increasing velocity, and with smaller paddle avatars. One can argue that the number of bricks destroyed was due to increased ball velocities (participant got to destroy more bricks before the game timed out). However, there were session sequences where the ball speed was kept unchanged from session to session, but the number of bricks destroyed continued to improve (higher scores).
3) Number of Repetitions: The number of repetitions (defined as the movement from neutral to max DF and back or from neutral to max PF and back) increased. Counting only the targets cleared and considering there was one repetition per target, the number of repetitions per ankle increased from 40 to 150-160 for every Airplane game played. This 400% increase in number of repetitions resulted in a minimum of 300 repetitions per ankle per session playing this game.
For the Breakout 3D game, a repetition corresponded to a ball bounce, since the game allowed only one brick to be destroyed for every bounce off the paddle avatar. The children had an increase in number of cubes destroyed from 32 to 50. This corresponds to a minimum of 64-100 repetitions playing the Breakout 3D game for every session and every ankle (not counting missed balls). Adding these repetitions to those playing the Airplane game, the participants executed about 400 repetitions per ankle per session at the end of therapy.
4) Technology Acceptance:
The training sessions required direct supervision from a therapist for setup and progression of each game depending on the child's performance. The patients were motivated to exercise for the required duration and there was good compliance with the protocol. Once maximum game difficulty was attained, the patients wanted to be challenged more and expressed a desire for new games. In general, and based on prior research [37] , it is believed that lengthy game-based interventions of pediatric populations need to constantly introduce new games, so to maintain participant's motivation. Children as young as 4-6 years old may be able to perform these tasks. They need to be able to follow commands such as "push down on your toes to make the plane move down so it can go through a target."
IV. DISCUSSION
Virtual reality game therapy for the lower extremity has been facilitated by the introduction of the Wii Balance Board (WBB). It was found to have concurrent validity for the (much more expensive) force plates used to measure the center of pressure while the patient is standing [38] . The WBB low cost, good sensitivity to body posture and available games make it ideal for balance rehabilitation, A control study on adults with acquired brain injury playing custom VR games while standing on the WBB showed that their standing balance was substantially improved [39] . However, the board would not have been useful in the present study which targeted gate.
The first paediatric trial aimed to determine the feasibility of robotic-assisted treadmill training in children with central gait impairment was done on the pediatric Lokomat (Hocoma AG, Switzerland)-a two-leg driven orthotic exoskeleton adjustable to the anatomy of a patient [11] . Nine outpatients trained for an average of 12 sessions of about 29 min each, practicing walking on a treadmill while partially unweighted. Patients' gait improved significantly with the mean gait speed increasing 0.22 m/s (from 0.87 to 1.09 m/s). This is a larger improvement than that obtained with our system, which trained one ankle at-atime. It is possible that the larger effect in the Lokomat study was due in part to the bilateral training which the Lokomat allows, thus providing a more ecological therapy than that possible on the Rutgers Ankle CP. A more recent study on the Lokomat showed that pediatric patient motivation was maintained by the introduction of virtual reality game-like environments [40] . This is similar to our finding that game play-based rehabilitation benefitted from the motivational aspect of virtual reality.
Researchers at the Rehabilitation Institute of Chicago [41] developed a novel portable robot with which they trained 12 children with CP during 18 sessions (three sessions/week for six weeks). Each session consisted of 20 min of passive stretching done by the robot, followed by 30 min of active movement training and ended with 10 min of passive stretching. Results showed significant improvements in passive and active ranges of motion, selective motor control and mobility functions. Ankle DF strength increased 1.7 Nm (from a mean of 2.9 Nm, before to 4.6 Nm after training). This represents a larger gain than obtained with the Rutgers Ankle CP, which had a small resistance setting due to controller box malfunction.
The average increase in strength of the plantarflexors (0.38 Nm/kg) in our study was close to those previously recorded for trained plantarflexor muscles (0.4 Nm/kg) in children training for the same amount of time on a Kincom dynamometer [26] . However, Participant 2 had a PF strength increase of 0.82 Nm/kg, double that reported for the Kincom. The average increase in strength of the dorsiflexors (0.23 Nm/kg) was slightly larger than those previously recorded for trained dorsiflexor muscles (0.22 Nm/kg) in children training on the Kincom dynamometer [13] .
Baram [42] studied the effects of gait training with visual and auditory feedback cues on the walking abilities of patients with gait disorders due to cerebral palsy. Visual and auditory feedback cues were generated by a wearable accelerometry-driven device. On a group of 20 randomly selected patients with CP who trained with visual or auditory feedback cues there was a 21%-25% improvement in walking speed. This relates to our study which provided visual and auditory cues as part of the games. Interestingly, while our participants trained in sitting, this transferred to gait speed improvements. There was substantial increase of 21 cm/s in gait speed for Participant 1, and 12.9 cm/s for Participant 2, while Participant 2 was slower by 1 cm/s post-training.
Treatment effects on gait of children with CP were studied on an experimental group of 21 children who each received EMG biofeedback training plus conventional exercise program [43] . The control group consisted of 15 children who each received conventional exercise therapy only. Results showed there was an improvement in the experimental group active dorsiflexion range of motion of 8 when the knee was kept in flexion. Our participants also trained with the knee flexed. Their ankle kinematics indicated good progress for angle at initial contact in Participants 1 and 2 , with no progress for Participant 3. Another study by our group [44] showed that a supported speed treadmill training exercise program for children with CP was not better than a program of exercise on spasticity, strength, motor control, gait spatiotemporal parameters, gross motor skills, and physical function in a sample of 26 children with spastic diplegia. In the present study Participants 1 and 2 had a 4 point, and 3 point, respective improvement in the GMFM. This was about the same as that previously reported in children training for the same amount of time on a Kincom dynamometer [13] .
The game performance results support the current theory about brain neuro-plasticity indicating that hundreds of repetitions are required to bring about a change in a movement pattern [45] . It has been reported that only 10-40 repetitions are being performed during a typical therapy session in a clinic, far less than the needed hundreds [46] . Prescribing home therapy can augment the therapy performed in the clinic and boost the number of repetitions. Instead of nonmotivational typical movement therapy, virtual reality game play is an engaging way to mediate the number of repetitions needed to induce neuro-plasticity. Our study gradated the number of repetitions, up to about 400 per ankle per session and well in line with current theory, with positive outcomes.
V. CONCLUSION
The Rutgers Ankle CP was used to train the ankle strength and function in three boys with CP during a 12 weeks (36 sessions) intervention. Assessments for impairment, function and quality of life were taken before and after training, with no follow up. Results indicated varying degrees of improvement in ankle strength, gait kinematics and speed. Overall function (GMFM) indicated improvements that were typical of other ankle strength training programs. Quality of life increased in some participants. Improvements measured by clinical evaluations mapped to improved game performance.
The Rutgers Ankle CP system induced up to 400 repetitions for every ankle and session of game play. This amount is viewed as needed to induce neural plasticity. While these results are only for three participants, they are encouraging and indicative of improvement in ankle function and quality of life of children with CP. The procedure followed in this study is a first step in the suggested clinical trial procedure [47] - [50] . The study is a proof of concept in which investigators used sensitive measures to determine if there is a treatment effect. Further research with a larger number of participants is needed.
Study limitations: The main limitations of this study were the small number of subjects, lack of follow up and lack of a control group. Another limitation is that the therapist performing the clinical evaluations was not blinded to the training protocol.
